Remodeling of ovarian follicle extracellular matrix is essential for ovulation and vascularization of the corpus luteum (CL). Formation of the cumulus matrix around oocytes also plays an important role in ovulation and subsequent fertilization of oocytes. ADAMTS1 is an extracellular metalloprotease induced in ovarian follicles by ovulatory hormones and is required for fertility. In this study, we identified ADAMTS1-mediated structural and morphological changes in remodeling of the follicle and cumulus oocyte complex (COC). In Adamts1 À/À mice, the ovulation rate was 77% reduced and fertilization of ovulated oocytes was reduced a further 63%, resulting in a reduced number of litters and pups per litter. Morphological assessment of peri-ovulatory ovaries revealed abnormal morphogenesis with a lack of thecal/vascular invagination in the basal region of follicles. Cleavage of the ADAMTS1 substrate, versican, at these invaginating regions was abundant in Adamts1 +/À but undetectable in Adamts1 À/À ovaries, indicating that processing of versican by ADAMTS1 is involved in ovulating follicle remodeling. Versican and hyaluronan localization was abnormal during COC matrix expansion, and versican persisted beyond the expected time of fertilization in Adamts1 À/À but was catabolized and cleared from control COC. The results demonstrate that ADAMTS1 is critical in both ovulation and fertilization processes in vivo. The protease activity of ADAMTS1 mediates neomorphogenesis of the ovulating follicle wall and COC matrix necessary for successful ovulation and fertilization, as well as subsequent catabolism of versican required for degradation of COC matrix after fertilization.
INTRODUCTION
Extensive extracellular matrix (ECM) remodeling in multiple ovarian tissue compartments is essential for ovulation. In response to the luteinizing hormone (LH) surge, ovarian ECM is degraded to achieve follicle rupture and release of the oocyte. Also important in this process is the assembly of a unique hyaluronan (HA)-rich matrix around ovulating oocytes and their companion cumulus cells, forming the expanded cumulus oocyte complex (COC) [1] . Concomitantly, the avascular follicle is entirely restructured to form a highly vascularized corpus luteum (CL).
The involvement of key genes in the formation of the expanded COC emphasizes the importance of this matrix in the ovulation and fertilization of oocytes [2] . Reduced rates of ovulation and fertilization due to compromised COC matrix integrity occur in mice deficient in HA-interacting cumulus matrix genes; tumor necrosis factor-induced protein-6 (Tnfaip6), pentraxin 3 (Ptx3), and bikunin (or alpha 1 microglobulin; Ambp), resulting in infertility [2] [3] [4] [5] . Versican is an abundant ECM proteoglycan that binds HA and is hormonally regulated in the ovary, being strongly induced at the time of ovulation [6] . Versican is produced by mural granulosa cells in rat and mouse ovaries, but localizes selectively to the granulosa-thecal boundary of preovulatory follicles and intensely in expanded COC matrix [6] . Mutation of the versican gene causes embryonic lethality due to defective ECM remodeling in the developing heart [7] ; thus, ovulation in versican-deficient females has not been studied. In other systems, versican mediates many cellular processes including cell adhesion [8] , migration [9] , signaling [10] , and antioxidant activity [11] .
A disintegrin and metalloproteinase with type 1 thrombospondin motifs 1 (ADAMTS1) is a secreted ECM protease produced mainly by the mural granulosa cells [12, 13] and strongly induced following the LH surge through transactivation by the progesterone receptor [14] [15] [16] . Active ADAMTS1 accumulates in the expanding COC matrix, and evidence from the infertile Pgr knockout (PRKO) mice indicates that ADAMTS1 has a nonredundant role in ovulation [6, 12] . Versican is a key substrate for ADAMTS1 proteolysis [17] , and versican cleavage occurs rapidly in the expanded COC matrix around the time of ovulation [6, 12] . Cleavage of versican is suggested to modulate signaling capacity [10] and tissue remodeling. For instance, ADAMTS-mediated cleavage of versican is a key process in digit morphogenesis [18] , formation of chambers in the developing heart [19] , and vascular smooth muscle cell migration [20] . Pronounced subfertility, defined by reduced litter size, is the major phenotype demonstrated in two independent lines of Adamts1 null mutant mice [21, 22] . During folliculogenesis, ADAMTS1 remodeling of the ECM is important for rapid follicle growth to the preovulatory stage [23] , but this minor role does not explain the 70% reduced ovulation rate previously reported [22] .
Together, the previous studies suggest that ADAMTS1 activity is important for ovulation, but the proteolytic processes mediated by ADAMTS1 are not understood. In the present study, we sought to determine the mechanistic consequences of the lack of ADAMTS1 in ovulating ovaries. In Adamts1 À/À mice, ovulation rate, fertilization rate, and fertility were reduced by 68-75%, versican cleavage in the expanded COC was 75% lower, and structural organization of the COC matrix was strikingly disrupted. Sites of ADAMTS1 activity localized to the granulosa-thecal interface of ovulating follicles, as well as COC and dysmorphogenesis, were evident in these regions of Adamts1 À/À follicles. Furthermore, the degradation of the COC matrix in oviducts after ovulation was delayed. Our results demonstrate the importance of ADAMTS1 in remodeling ECM to facilitate assembly of the viscoelastic COC matrix before ovulation as well as its eventual catabolism around the time of fertilization. In addition, ADAMTS1 mediates rapid tissue morphogenesis involved in neovascularization of ovulating follicles in the mouse.
MATERIALS AND METHODS

Materials
Equine chorionic gonadotropin (eCG, Gestyl) was purchased from Professional Compounding Centre of Australia (Sydney, New South Wales). Human chorionic gonadotropin (hCG/Pregnyl) was purchased from Organon, Australia (Sydney, New South Wales). Chondroitinase ABC and biotinylated HA binding probe (HABP) were purchased from Seikagaku (East Falmouth, MA). Primary antibody to intact versican and biotinylated goat-anti-rabbit and donkey-anti-goat secondary antibodies were obtained from Millipore, Australia (Boronia, Victoria). Anti-rabbit immunoglobulin G (IgG) Alexa 488 and streptavidin-labeled Alexa 488-and 594-labeled fluorophores were purchased from Molecular Probes (Eugene, OR). Normal sera were purchased from Vector Laboratories (Burlingame, CA). All general reagents, unless otherwise specified, were obtained from Sigma-Aldrich Chemical Company (Castle Hill, New South Wales).
Animals and Tissue Collection
All animals were treated in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Ethics approval was obtained from The University of Adelaide Animal Ethics Committee. The Adamts1 null mutant mouse line used for the present study has been described [22] . Heterozygous crosses were maintained in specific pathogen-free conditions under 12-h light/dark cycles and were fed rodent chow ad libitum. At weaning, offspring were genotyped by PCR analysis of tail DNA samples, as described previously [23] . Tissues were collected after cervical dislocation and immediately fixed in 4% paraformaldehyde and processed for paraffin histology or snap frozen in liquid nitrogen for further analysis. Adamts1 null mice were analyzed together with matched littermate controls (wild type/ heterozygous).
For superovulation, mice were injected i.p. with 4 IU eCG at 1300-1330 h on days 21-23 of age. Forty-four hours later, mice were injected i.p. with 5 IU hCG to initiate ovulation, which occurs after 12 h. Ovaries and oviducts were collected at 10, 11.5, 16, and 24 h following hCG administration. Sectioned paraffin-embedded tissues (7 lm) were stained with hematoxylin and eosin or used for immunohistological analysis. Images of whole ovary sections were captured at high resolution using NanoZoomer Digital Pathology technology (Hamamatsu Photonics K.K., Japan).
Fertility Assessments
Gross fertility. Natural mating pairs (n ¼ 4) were established by pairing Adamts1 heterozygous males with either heterozygous or Adamts1 null females and were allowed to breed naturally for 6 months. The number of litters, live births, pups weaned, and perinatal loss were recorded. Data were analyzed using Student t-test and presented as mean 6 SEM.
Ovulation rate. Ovulation in nonstimulated cycles was assessed by pairing wild type males with Adamts1 þ/À or null females (n ¼ 5). On the day that copulatory plugs were observed, ovaries and oviducts were collected and ovulated COCs were isolated and counted under a dissecting microscope. To assess ovulation in exogenously hormone-primed mice, we first compared the numbers of mature follicles responding to LH stimulation in Adamts1 þ/À (n ¼ 5) or null (n ¼ 10) females superovulated as described above. Expanded COCs were isolated from within follicles 11.5 h after hCG treatment by puncturing follicles with a 27½ gauge needle. COCs were collected and counted, and their morphological appearance was photographed using Hoffman modulation contrast optics on an Olympus IX71 inverted microscope. The number of follicles ovulated after 16 h of hCG treatment was compared in superovulated Adamts1 þ/À (n ¼ 8) and Adamts1 À/À (n ¼ 9) females by isolating COCs from oviducts, then photographing and counting them. In a second experiment, COCs were isolated from oviducts 24 h after hCG stimulation from Adamts1 þ/À (n ¼ 8) or null (n ¼ 9) females. Data were analyzed using Student t-test and presented as mean 6 SEM.
In vitro fertilization and embryo development. Ten Adamts1 þ/À or littermate Adamts1
À/À female mice were superovulated by eCG þ hCG stimulation and, 11 h after hCG treatment, COCs were isolated from ovaries by puncture of follicles with a 27½ gauge needle, then washed twice in fertilization media (a-Minimal Essential Media; Invitrogen, Victoria, Australia) supplemented with 75 mg/L penicillin G, 50 mg/L streptomycin sulphate, and 3 mg/mL bovine serum albumin and incubated for 4 h at 378C with capacitated sperm from mice with proven fertility. Presumptive zygotes were washed in G-1 v3 (Vitrolife, Kungsbacka, Sweden) and cultured in 20 lL G-1 v3drops overlaid with mineral oil. Fertilization rates were scored 24 h after in vitro fertilization by recording the number of morphologically normal looking 2-cell embryos. Two cell embryos were then transferred to fresh G-1 v3 drops overlaid with mineral oil and cultured in 378C 6% CO 2 , 5% O 2 , and 89% N 2 for 24 h, after which embryos were transferred to G-2 v3 (Vitrolife) drops overlaid with mineral oil and cultured for a further 47-49 h (378C tri gas). Embryonic morphology was assessed 96 h postfertilization to determine the rates of blastocyst development. Data were presented as percentage of 2-cell embryos that successfully developed to blastocyst.
In vivo fertilization rate. Natural mating pairs were established by pairing C57BL/6 males with either Adamts1
Copulatory plugs were checked daily between 0800 and 0900, and the point at which they were observed was considered Day 0.5 of pregnancy. On the morning of Day 1.5, mice were euthanized and 2-cell embryos were flushed with PBS (pH 7.4) from the oviducts, using a 27½ gauge needle. Embryos and unfertilized oocytes were counted, any abnormalities were recorded (empty zona pellucidas, abnormally shaped/partially cleaved zygotes), and images of the embryos were captured using Hoffman modulation contrast optics.
Protein extraction and Western blot. Cumulus oocyte complexes, mural granulosa cells, and residual ovarian stroma were isolated from superovulated ovaries by follicle puncture 11.5 h following hCG stimulation. Total protein was extracted from three to four mice of each genotype in three independent experiments by homogenization in proteoglycan extraction buffer (0.05 M sodium acetate, 6 M urea, 0.1% Triton 0.1 M EDTA) containing protease inhibitor cocktail and aprotinin (Sigma). The homogenates were centrifuged for 10 min at 13 200 rpm and protein concentration in supernatants was measured using a Bradford reaction kit (Bio-rad Laboratories, Sydney, Australia). Protein samples were incubated at 378C for 1 h with chondroitinase (Seikagaku) to remove chondroitin sulphate side-chains. Equal amounts of protein from each sample (20 lg) were separated by electrophoresis in 4-15% gradient reducing polyacrylamide gels (Bio-rad Laboratories) and transferred onto polyvinylidene difluoride membranes (Immobilon, Millipore Corp.). Prestained protein markers (Bio-rad Laboratories) were included in every gel. Western membranes were blocked by 1-h room temperature incubation of membrane with TBST (10 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20) containing 3% skim milk powder. Blots were then incubated 1 h at room temperature in the same solution containing primary antibodies to ADAMTS1 (1/500) [12] or versican (1/500, Millipore Corp.). Following washing in TBST, membranes were incubated at room temperature for 1 h with horseradish peroxidase (HRP)-labeled secondary antibody (1/10 000, Amersham Biosciences) followed by enhanced chemiluminescence reaction (Amersham Biosciences), according to manufacturer instructions. Blots were then scanned using ImageQuant 300 technology (GE Healthcare) and band density was quantified. Data were presented as mean band intensity (arbitrary value of density) from three independent experiments, each utilizing three to four mice per genotype.
Immunohistochemistry. Tissue sections were dewaxed and rehydrated and antigen retrieval was performed by incubating slides in citrate buffer solution (10 mM sodium citrate, pH 6.0) for 20 min at 958C. After cooling, sections were incubated 10 min at room temperature with 1 lg/mL proteinase K 550 BROWN ET AL.
(Sigma). Sections were washed with PBS þ 0.025% Tween-20 (PBST, pH 7.4), blocked with 10% normal goat serum in PBST for 1 h at room temperature, and then incubated at room temperature with the primary antibody (ADAMTS1 1/750; Versican [full length] 1/1000); cleaved versican neoepitope (JSCDPE [17] ) 1/500, and HABP 1/1000 overnight in a humid chamber. Sections were washed again, then incubated with biotinylated secondary antibody followed by either streptavidin-Alexa 488, streptavidinAlexa 594 conjugates (1/500), or Alexa 488 conjugated anti-rabbit IgG for 1 h at room temperature, counterstained with 4 0 ,6-diamidino-2-phenylindole dihydrochloride (DAPI), then mounted under coverslips with fluorescent mounting media (DAKO, Carpenteria, CA). Alternatively, sections were treated with streptavidin HRP conjugate (Vectastain ABC Kit, Vector Laboratories) and detection was performed using diaminobenzadine (Vector Laboratories) according to manufacturer's instructions. Light microscopy and fluorescence were observed on an Olympus IX81 microscope (Olympus, Australia, Pty. Ltd.). All immunohistochemical analyses were performed on six or more ovary samples from independent mice of each genotype.
RESULTS
ADAMTS1 Is Necessary for Ovulation and Fertilization of Oocytes
A standard superovulation protocol was used to compare the rate of peri-ovulatory follicular development and ovulation in the Adamts1 À/À and control mice. The number of follicles responding to the ovulatory stimulus, determined by isolating expanded COCs from follicles immediately before ovulation (11.5 h after hCG treatment), was not significantly different between Adamts1 þ/À and null females (28.8 6 2.3 vs. 25.4 6 1.7, respectively; Fig. 1A ). The number of ovulated COCs in oviducts either 16 h or 24 h after hCG was significantly decreased in the Adamts1 À/À mice by 68.4% and 75% at 16 h and 24 h, respectively (Fig. 1A) .
To confirm the reduced ovulation seen following superovulation and to assess the rate of fertilization, we adopted a natural mating approach. The day after mating (Day 1 of pregnancy), there was a significant decrease in the total number of embryos and unfertilized oocytes flushed from the oviducts of Adamts1 À/À mice (1.38 6 0.5) compared to heterozygous controls (6.0 6 1.4), indicating a 77% reduced ovulation rate in natural cycles (Fig. 1B) . Additionally, the rate of fertilization, as indicated by the percentage of two-cell embryos per ovulated oocyte, was significantly reduced in Adamts1 À/À females (25% 6 19%) compared to heterozygous littermates (94% 6 4%) (Fig. 1C) . There was also a significant 4.5-fold increase in the number of morphologically abnormal oocytes and zygotes flushed from Adamts1 À/À oviducts (Fig. 1D) . The defects included asymmetrically cleaved embryos and empty zona pellucidas.
As a measure of oocyte developmental competence, we fertilized Adamts1 þ/À and null oocytes by in vitro fertilization and monitored blastocyst development in culture. Equivalent numbers of COCs were again isolated from peri-ovulatory follicles of Adamts1 þ/À compared to Adamts1 À/À mice and used for in vitro fertilization. The rate of fertilization of COCs recovered was not significantly different in Adamts1 À/À compared to Adamts1 þ/À COCs (Table 1) . Likewise, the ontime development of two-cell embryos to blastocyst was not significantly different ( Table 1) .
The rate of live births was examined by mating four adult female mice of each genotype with proven fertile males over a six-month period. The average number of litters born to Adamts1 À/À dams over this mating period was 2.5 6 1.04, compared with 4.75 6 0.25 in heterozygous littermate dams (Fig. 1E) . The number of pups per litter was significantly lower (2.13 6 0.73 vs. 8.18 6 0.65, respectively) (Fig. 1F) , but there was no increase in postnatal mortality of pups (Fig. 1F) . As a result of reduced litter frequency and size, the total number of 
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pups born to Adamts1 À/À females was 7-fold lower than that of the heterozygous females (29 vs. 154 ). Cumulatively, the above observations indicate that both oocyte release from the follicle and fertilization in the oviduct are impaired in Adamts1 À/À mice.
ADAMTS1 Is Required for Versican Cleavage in the Follicular Basement Membrane
The role of ADAMTS1 in remodeling the ovulating follicle structure was investigated. The basal wall of Adamts1 þ/À ovaries 12 h post-hCG showed typical invaginations of the thecal/vascular regions that are involved in the neovascularization of the follicle structure ( Fig. 2A, arrows) ; however, Adamts1 À/À ovaries at this time showed no invaginating regions. Instead, a marked separation between the mural granulosa and thecal compartments was ubiquitously observed in Adamts1 À/À sections of ovary, but not in control Adamts1
littermates processed identically (Fig. 2B, arrowheads) . The mature active form of ADAMTS1 was identified by immunohistochemistry at the granulosa/thecal interface in the basal region of Adamts1 þ/À peri-ovulatory follicles (PMSG þ hCG at 11.5 h; Fig. 2C , white arrow). We also examined the ovaries of Adamts4 À/À mice and Adamts1; Adamts4 granulosa-specific double mutants. Invaginating thecal structures were normal in Adamts4 À/À mouse ovaries, which are fully viable and fertile [24] . Interestingly, in Adamts4 ; and Amhr2-cre granulosa-specific double mutant ovaries, this characteristic separation of granulosa and theca layers and complete absence of thecal invagination of preovulatory follicles was identical to that in Adamts1 À/À mice (Supplemental Fig. S1 , available online at www.biolreprod.org). The separation of theca and granulosa layers and the absence of thecal invaginations was never observed in our controls; this indicates an underlying difference in remodeling of this tissue region in Adamts1 À/À ovaries.
In Adamts1 þ/À follicles that ovulate normally, the antibody to full-length versican strongly labeled the basal follicular region as well as expanded the COC matrix (Fig. 3, A and B) . Importantly, when ADAMTS1 was present, the cleaved versican neo-epitope, DPEAAE, was evident within invaginating thecal structures of the basal region (Fig. 3, C and D; arrowheads) as well as the expanded COC matrix (Fig. 3C,  asterisk) . In Adamts1 À/À peri-ovulatory follicles, full-length versican was abundant in the basal region and COC (Fig. 3 , E and F). In Adamts1 À/À ovaries, cleaved versican (DPEAAE epitope) was modestly detected in expanded COC (Fig. 3G,  asterisk) ; however, no cleaved neo-epitope was detected in basal follicular regions (Fig. 3, G and H; arrows) . These results show that versican cleavage occurs specifically at the granulosa-theca interface and within the expanding COC of the ovulating follicle and that this processing is specifically dependent on ADAMTS1.
ADAMTS1 Is Required for Versican Cleavage and Matrix Organization of the Peri-Ovulatory COC
Appropriate formation of the cumulus matrix is essential for successful ovulation and fertilization [2] . We next sought to investigate the consequences of ADAMTS1 deficiency on COC matrix structure and function. In Western blot analysis of isolated COC and mural granulosa cell extracts, ADAMTS1 was identified in control (heterozygous) COC in the full-length 110-kDa pro-ADAMTS1 form, but predominantly in the mature (85 kDa) form and absent from Adamts1 À/À COC, as expected. The versican antibody that detects both full-length and cleaved versican showed that the 70-kDa cleaved form was significantly 3.4-fold reduced in Adamts1 À/À compared to Adamts1 þ/À littermates; likewise, full-length versican was 3-fold more abundant in Adamts1 À/À COC (Fig. 4) ; thus, the total abundance of versican was not altered. These results indicate that ADAMTS1 is nonredundantly required for up to 75% of the total proteolytic processing of versican, while other proteases can compensate for approximately 25% of versican cleavage during ovulation.
Aberrant morphology was observed in histology examination of Adamts1 À/À peri-ovulatory COCs within follicles after 11.5 h of hCG (Fig. 5) as well as ovulated COCs within oviducts after 16 h of hCG (Fig. 6) . Specifically, cumulus cells were non-uniformly distributed in the matrix, frequently forming large cell aggregates (Fig. 5B, asterisks) . Fluorescent co-localization of HA and full-length versican was used to explore the altered structure of the COC matrix. In periovulatory COCs 11.5 h after hCG, the ECM organization around the preovulatory COC was consistently different between Adamts1
À/À and Adamts1 þ/À mice ( Fig. 5C-F ). Normal COC matrix was smoothly distributed throughout the intercellular space, with even co-localization of HA (red) and versican (green), resulting in yellow fluorescence (Fig. 5, C and   FIG. 2 . ADAMTS1 is required for structural remodeling of the basal region of peri-ovulatory follicles. A) Adamts1 þ/À peri-ovulatory follicle (eCG 44 h þ hCG 12 h); note invading/invaginating thecal cells (black arrows). B) Adamts1
À/À peri-ovulatory follicle (eCG 44 h þ hCG 12 h); note lack of thecal invagination and acellular space between granulosa and thecal layers (arrowheads). C) ADAMTS localized, through immunohistochemical detection of the 85 kDa active protein, to the cells and ECM at the thecal/granulosa interface of wild type ovaries during the ovulatory period (eCG 44 h þ hCG 12 h).
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À/À COC, versican and HA were less evenly distributed (Fig. 5, D and F) ; the matrix was condensed around cumulus cell surfaces and in dense strands between the cells, leaving large gaps in the intercellular space and non-uniform distribution of the cumulus cells. In ovulated COCs found in oviducts after 16 h of hCG, differences in COC ECM structure were also apparent. By comparison with Adamts1 þ/À , COCs in bright field micrographs of COCs isolated from oviducts Adamts1 À/À cumulus cells formed clumps and, several large cell aggregates were commonly incorporated into the COC masses (Fig. 6B, asterisk) . Co-localization of HA and versican in Adamts1 À/À COC remained non-uniform in distribution (Fig.  6) . In addition to the apparent structural changes of the COC matrix, the oocytes in Adamts1 À/À mice were frequently flattened or misshaped (Fig. 6, D and F) .
Following 24 h of hCG (the time when fertilization would have occurred), Adamts1 þ/À COCs retained few cumulus cells and the matrix consisted almost entirely of diffuse HA (Fig. 7,  A and B; red) , while cumulus cells and versican, in addition to HA, remained abundant in the matrix closely surrounding oocytes in the Adamts1 À/À mice (Fig. 7, C and D) . Again, large aggregates of cells were evident in Adamts1 À/À COCs (Fig.  7D) .
DISCUSSION
Comprehensive remodeling of ovarian tissue structures is essential for release of the oocyte and vascularization of the 
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have sought to determine proteolytic mechanisms that mediate ovulatory tissue restructuring [25] . Pharmacologic inhibition of metalloproteases indicates the importance of this broad enzyme family in ovulation [26, 27] , but no one enzyme has emerged as a distinct ovulatory mediator. Here, we showed that ADAMTS1 is essential for normal ovulatory tissue morphogenesis. We identified disrupted remodeling of structural elements of the follicle wall preceding rupture and neovascularization of the luteinizing follicle in Adamts1 À/À mice. Likewise, assembly of the COC matrix before ovulation was aberrant in Adamts1 À/À mice, while the eventual catabolism of this matrix around the time of fertilization was also strikingly impaired. Cleavage in the ADAMTS-specific substrate domain of versican at the granulosa-thecal boundary and in the COC of Adamts1 þ/À but not Adamts1 À/À follicles confirms selective ADAMTS1 activity in these sites and implicates versican in these tissue remodeling events.
Impaired release of oocytes in both superovulated and nonstimulated cycles in Adamts1 À/À females confirms our previous results [22] reporting 70% reduced ovulation in Adamts1 nulls. We also previously reported increased loss of growing follicles in eCG-treated Adamts1 À/À mice, leading to 40% reduction in the number of follicles with stage 7-8 morphology [23] . Here we found that the number of follicles able to respond to an ovulatory stimulus by producing expanded COC was not significantly reduced; however, the number of ovulated COCs recovered from oviducts was again reduced, by 68% and 75%. Thus, the total reduction in ovulation rates likely results from specific defects in both folliculogenesis and ovulation.
The combined ovulation and in vivo fertilization defects we observed indicate that critical aspects of the cumulus matrix function are insufficient in the absence of ADAMTS1. Altered localization of versican and HA in Adamts1 À/À COCs, as well as the strikingly persistent presence of versican in COC 24 h after hCG administration, suggest that the action of ADAMTS1 is important for both the normal structural arrangement as well as the subsequent catabolism of the COC matrix. Both ovulation and fertilization are dependent on appropriate composition and function of the COC matrix [3, 4, 28] , and the non-uniform arrangement of cumulus cells in COCs of Adamts1 À/À mice is similar to reports for null mutants of other cumulus matrix genes with subfertility phenotypes [3] [4] [5] . Cumulus matrix may influence the oocyte microenvironment 
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and oocyte developmental capacity [29] [30] [31] . We previously reported that ADAMTS1 and versican are markedly reduced in in vitro matured COCs, which may contribute to lower developmental outcomes from in vitro maturation [13] . ADAMTS1 may modulate cell signaling through versican cleavage, as demonstrated in endocardial/myocardial cell signaling during fetal heart morphogenesis [19] , and recently was shown to elegantly control morphogenic patterning of digit development [18] . Alternatively, cleavage of versican by ADAMTS1 in the COC matrix may influence sequestration of signaling factors within the cumulus/oocyte microenvironment or protection from physical or oxidative stress [11] .
While fertilization and blastocyst development of Adamts1 À/À COCs after in vitro fertilization were not affected, fertilization per ovulated oocyte in the oviduct was significantly impaired. This indicates that oocytes of Adamts1 À/À mice reach fertilizable competence but that ADAMTS1 is necessary for cumulus matrix functions promoting fertilization in vivo. The reduced in vivo fertilization rate in Adamts1 À/À oviducts may be a consequence of inadequate maintenance of the oocyte microenvironment. The COC matrix normally binds sperm [3] , promotes sperm capacitation [32] , and acts as a selective barrier for sperm with high fertilization potential [33] . Degradation of the COC matrix normally occurs between 16 and 24 h after hCG, the period between ovulation and the expected time of fertilization [34] . Timely dissociation of fibronectin-integrin engagement in the COC ECM has been shown to be required for effective sperm penetration and fertilization [35] . Sperm express a hyaluronidase enzyme but have no known capacity to degrade versican to assist in penetration of the COC matrix. In Adamts1 À/À mice, reduced clearance of versican from the matrix may inhibit sperm penetration and cause the lower rate of in vivo fertilization in Adamts1 À/À females. The in vitro fertilization rate was not affected, possibly because this method is less dependent on COC matrix function and more influenced by media conditions and high sperm concentrations. Reduced fertilization in vivo supports the conclusion that persistence of the COC matrix in the context of low sperm numbers in the oviduct is refractory to fertilization.
ADAMTS1 is involved in the development and function of many organs as well as in tumor progression, which is attributable to the proteoglycan processing capacity of this protease [21, 36] . We have previously shown that ADAMTS1 is important for ECM remodeling around growing follicles [23] . Concurrent with oocyte release, remodeling and neovascularization of the follicle structure form the steroidogenic CL [37] . We identified versican cleavage in the follicle circumference at regions of thecal invagination in control mice, while in Adamts1 À/À mice, there was abnormal morphogenesis of this region, accumulation of intact (full length) versican, and no detectable cleaved versican. The invagination of thecal tissue in ovulating follicles depends on rapid angiogenesis and is important for successful ovulation and vascularization of the CL [38, 39] . In cardiogenesis, remodeling of the myocardium requires cleavage of versican by ADAMTS1 [40] , with the cleaved versican acting to reduce cell-cell adhesion and weaken tissue structure [41] . Our results indicate that ADAMTS1 facilitates remodeling of the follicular structure in the ovulating follicle by mediating necessary degradation of matrix barriers to infiltrating vasculature.
We previously found that lymphangiogenesis, rather than blood angiogenesis, is deficient in the ovary of Adamts1 À/À mice [23] . We investigated whether lymphangiogenesis is involved in the invaginating theca in ovulating follicles. We have performed extensive study of lymphangiogenesis in the ovary and found no lymphatic vessels in the invaginating zones of follicles or in mature CL (Brown et al., manuscript in preparation), indicating that the morphogenesis of the follicle structure forming CL does not involve lymphangiogenesis. Our investigation of blood vessels in CL of Adamts1 À/À mice 24 h after hCG administration identified normal capillaries in the luteinized structures (not shown). This suggests that vascularization of the CL is rescued between 16 and 24 h after hCG by ADAMTS1-independent mechanisms. While ADAMTS4 is also abundantly expressed in ovulating ovaries [12] , it does not appear to share functional redundancy with ADAMTS1. Adamts4 null mice are viable and fertile [24] and our investigation of Adamts4 À/À mice revealed no ovarian defect, while double mutant Adamts4 À/À ;ADAMTS1 granulosa-specific null ovaries showed identical morphology to Adamts1 null mice. This indicates that any role for ADAMTS4 in the follicle is nonessential for fertility and that CL vascularization in Adamts1 À/À mice is not rescued through redundant ADAMTS4 action.
In summary, the present study demonstrates key roles of ADAMTS1 protease activity in modulating dynamic tissue morphogenesis in the cycling ovary, particularly as a critical mediator in the formation and subsequent catabolism of the COC matrix essential for ovulation and fertilization. Remodeling of the basal ECM structure around ovulating follicles by ADAMTS1 likely further contributes to ovulation as well as early restructuring of the CL, but is not essential for its vascularization. Taking into account the clear importance of versican cleavage in developmental processes, versican is likely to be mechanistically important to ADAMTS1 action in leading to ovulation, but was also employed here as a marker of sites of ADAMTS1 action. We anticipate that other known substrates, such as collagen [42, 43] and growth factors [44] , will also prove to be important. We conclude that ADAMTS1 is a critical target of ovarian endocrine and paracrine regulators that mediate dynamic tissue remodeling events required for successful growth, ovulation, and luteinization of follicles as well as fertilization of ovulated oocytes.
